Core-shell and hollow structures are powerful platforms for controlled release, confined nanocatalysis, and optical and electronic applications. [1] [2] [3] A hybrid of core-shell and hollow structures, a special class of core-shell structure with a distinctive core@void@shell configuration, which are called yolk-shell or rattle-type structures, have attracted tremendous interest in recent years. [1a, 4] With the unique properties of movable cores, interstitial hollow spaces, and the functionality of shells, yolk-shell structures have great potential for application in various fields, such as nanoreactors, [4] biomedicine, [5] lithium-ion batteries, [6] and photocatalysis. [7] Currently, most research efforts in this area are directed to developing new synthetic approaches for yolk-shell materials with different components and shell structures. One general strategy is a template-assisted selective etching approach in which the core particle is coated with double shells consisting of different materials. The inner shell is then selectively removed by using a solvent or calcination. [4a, 8, 9] Despite its conceptual simplicity, this approach is often associated with some disadvantages, such as low efficiency and tedious processing steps, which mainly arise from the difficulty in ensuring that the reaction takes place exclusively inside the shells. Yolk-shell materials with various components were also fabricated by Kirkendall [3a, 5a] or Ostwald ripening [6a, 7] processes. However, these methods are limited to yolk-shell nanostructures in which the core and shell are made of the same material, and there is no effective control over the wall thickness and shell structure. [10, 11] Recently, a one-step encapsulation of particles by silica shells in an aqueous mixture of lauryl sulfonate betaine (LSB) and sodium dodecyl benzenesulfonate (SDS) was developed [10] to produce yolkshell structures. This tedious method still required an additional co-structure-directing agent, such as 3-aminopropyltriethoxysilane (APTES), and it was difficult to control the structure parameters and wall thicknesses. Furthermore, the shell produced is nonporous. Thus, it remains an interesting challenge to fabricate size-tunable porous yolk-shell nanostructures composed from different cores and shells with various sizes, shapes, components, and functions by a simple solution approach. These multifunctional yolk-shell nanostructures are particularly relevant to the controlled loading and release of functional species [5d, 9c,d] and are also ideal nanoreactors to realize confined and cooperative catalysis. [11, 12] Mesoporous yolk-shell nanostructures could exhibit unique release properties for drug/gene delivery because of their hierarchical porous structures [9] and good catalystloading properties for confined cooperative catalysis, as they can prevent aggregation of catalysts and promote the mass diffusion and transport of reactants.
[1c, 2d, 3b, 4, 12] Herein, we report a general method to produce yolk-shell structures with mesoporous shells and tunable wall thickness using a vesicle templating approach. Various yolk-shell structures with different types of cores (such as silica spheres, mesoporous silica spheres or rods, gold particles, AuNPs@SiO 2 nanospheres, or magnetic Fe 3 O 4 particles) and different particle sizes (200-700 nm) were successfully prepared. It is important to note that the yolk-shell silica materials prepared by this method have highly uniform particle sizes and porous silica shells, and the pore size and the shell thickness can be tuned to a certain extent. The hierarchical porous yolk-shell structures with ordered mesoporous silica cores and mesoporous silica shells were synthesized for the first time, and their use as delivery vehicles and nanoreactors was demonstrated.
The procedure for the preparation of yolk-shell structures with a mesoporous shell is shown in Scheme 1. The first step involves in the preparation of the core-vesicle complex from the fluorocarbon surfactant [C 3 106 (F127), and core materials by electrostatic interactions and a synergetic effect. In the next step, a mesostructured silica shell is deposited on the surface of the core-vesicle complex by a vesicle-templating approach and the simultaneous sol-gel polymerization of tetraethoxysilane (TEOS). Finally, following shrinkage of silicate shell and ripening processes during the hydrolysis and condensation of TEOS, the yolk-shell structures are obtained. The mesoporous shells are formed after the calcination to remove the surfactants.
Figure 1 a,b shows scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the yolk-shell structured nanospheres synthesized using silica spheres (ca. 260 nm) as the cores (denoted as SS260-YS). It is apparent that highly uniform and monodisperse silica yolkshell spheres with a size of 420 nm are obtained, and each silica particle is encapsulated by a thin shell with a thickness of 16 nm. The product is obtained in quantatitive yield. The SEM image in Figure 1 a also shows some of the broken spheres and the exposed cores of the yolk-shell particles after mechanical fracturing, providing evidence of a hollow structure. We believe the cores to be free to move, because only one silica sphere is encapsulated into a mesoporous silica shell. Wormhole-like mesopores with diameters of about 2-3 nm exist in the silica shell, as confirmed by the TEM and nitrogen sorption analyses (Figure 1 b-d) . Figure 1 c,d shows the nitrogen sorption isotherm and the corresponding pore size distribution curve of SS260-YS. A type IV isotherm with a steep hysteresis loop at relative pressure P/P 0 of 0.2-0.4 is observed, indicating that this sample has a mesoporous structure with uniform pore size. The Barrett-JoynerHalenda (BJH) pore size distribution curve further confirms the uniform mesopore size centered around 2.5 nm; the pore size distribution centered at 35 nm is attributed to the mesopores between interparticles. The sample has a Brumauer-Emmet-Teller (BET) surface area of 195 m 2 g À1 , with a total pore volume of 0.32 cm 3 g À1 . To control the shell thickness of the yolk-shell nanoparticles (NPs), the amount of TEOS was adjusted from 5 to 20 mmol whilst keeping the other synthesis parameters constant. The resultant silica materials have a yolk-shell structure with diameters of 400-540 nm, but the shell thickness can be tailored from 10 nm to 50 nm (Supporting Information, Figure S1 ). However, some silica NPs are coexistent with yolk-shell particles at very high TEOS concentrations (20 mmol). It is worth mentioning that yolkshell structures can be obtained in a large range of reactant molar ratios (Supporting Information, Figure S2 -S5). Moreover, by tailoring the amount of F127 and the FC4/F127 molar ratio in the initial mixture, the shell thickness and pore size can be tuned (Supporting Information, Figure S2 -S5, Table S1 ). The increase in the molar ratio of FC4/F127 favors the formation of a core-shell structure over a yolkshell structure (Supporting Information, Figure S4 ).
Under the similar conditions to the preparation of sample SS260-YS, yolk-shell materials with various particle sizes can be synthesized using differently sized core silica spheres (120, 260, and 700 nm). The TEM image reveals that 170 and 420 nm uniform yolk-shell nanospheres are obtained using silica spheres with sizes of 120 and 260 nm as cores, respectively (Supporting Information, Figure S6a ,d,b,e). Upon increasing the core size further to 700 nm, yolk-shell microspheres associated with a large amount of hollow nanocapsules were obtained (Supporting Information, Figure S6c,f). It is likely that the shell can accommodate the core particles with particle sizes smaller than 700 nm.
To investigate the formation mechanism of such yolkshell structures, TEM was used to monitor the synthesis process of SS260-YS. (The dynamic transformation for SS260-YS during the synthesis process is shown in the Supporting Information, Figure S7 .) After TEOS was added into the synthesis system, a silica shell with a thickness of approximately 50 nm was formed on the silica spheres within the first 1 h because of the assembly of TEOS onto the vesicle template (Supporting Information, Figure S7a ,b). Upon increasing the reaction time to 20 h, the shell thickness became thinner (from 50 nm to 25 nm), and the hollow space between core and shell became wider (from 8 nm to 50 nm; Supporting Information, Figure S7f ). After the hydrothermal process, the shell thickness was further decreased to 16 nm, and the hollow space was further increased to 100 nm (Figure 1 b) . The formation of such a yolk-shell structure was probably a cooperative process of vesicle templating, ripening, and shrinkage of the silica shell. Herein, we propose that ethanol can decrease the electrostatic repulsion of the negatively charged groups of FC4, and vesicles around 200-400 nm can be formed in such synthesis conditions.
[3d] Owing to the synergetic effect between FC4 and core materials, the soft vesicle produced by FC4 was assembled on the silica sphere core to form the core-vesicle complex. The silane (TEOS) then hydrolyzed and condensed on the vesicle template through electrostatic attractions and formed the core-shell structure with the vesicle-core complex. During this sol-gel process, small silica NPs were produced that stuck to the vesicle surface, and mesoporous shells were formed by the cooperative interaction between silica NPs and FC4. Finally, growth, self-assembly, ripening, and shrinkage of the silica shell, owing to the further condensation of silica, led to the formation of yolk-shell structures (Scheme 1). The use of FC4 is essential for forming the vesicle-core complex template. When large amounts of TEOS were used, the more silane hydrolyzed and condensed at the interface of vesicle-core template, and yolk-shell silica with a thicker shell can be obtained. A vesicle-core complex cannot be formed with a very large size core, and 700 nm silica spheres cannot be optimally encapsulated in current synthesis conditions. These interesting observations in our research might be explained by the vesicle-core templating formation mechanisms discussed above.
Along with the ability to encapsulate spherical particles into the SiO 2 shell, this general synthetic method can be extended to prepare yolk-shell structures with different components and shapes simply by replacing core materials. Figure 2 a-d shows the resulting yolk-shell structure with different mesoporous silica materials as core particles. Mesoporous silica NPs with a spherical morphology, such as IBN1 (particle size 100 nm, pore size 5.8 nm) [13] and MCM41 (particle size 200 nm, pore size 2.1 nm) [14] can be encapsulated into the silica shell to form uniform hierarchical porous yolkshell structures (Figure 2 a,b) . Interestingly, this method can also encapsulate particles with different shapes. When mesoporous SBA15 long nanorods (1300 nm long, 140 nm diameter, pore size 5.7 nm) [15] or mesoporous short IBN4 nanorods (200 nm long, 50 nm diameter, pore size 6.2 nm) [13] were used as the core materials, the resulting products kept the nanorod morphology with a rather uniform thickness mesoporous silica shell (Figure 2 c,d ). The resulting materials are denoted as IBN1-YS, MCM41-YS, SBA15NR-YS, and IBN4-YS, respectively. Further studies showed that this method can be extended to encapsulate other particles of different composition, such as Figure S8 ), which is red-shifted by 12 nm relative to that of bare gold particles, thus reflecting the high refractive index of silica (1.458) and the permeability of the silica shells. N 2 adsorption-desorption isotherms and pore size distributions of these samples are presented in Figure 2 g,h and the Supporting Information, Figure S9 . SBA15NR-YS shows a type IV isotherm with three capillary condensation steps at relative pressures P/P 0 of 0.25-0.45, 0.5-0.7, and 0.8-0.9, respectively (Figure 2 g,h) , which is a characteristic of hierarchical porous architectures. The pore size distribution curve shows that the primary, secondary, tertiary, and quaternary pore diameters are centered at 1.0 nm, 2.7 nm, 5.7 nm, and 53 nm, respectively (Figure 2 h ), indicating that the materials have unique hierarchical porous structures on at least four levels: a) micropores in SBA15NR (ca. 1.0 nm), b) uniform wormlike mesopores in the silica shell (2.7 nm), c) highly ordered mesopores in the silica core (5.7 nm), and d) mesopores between the interparticles (53 nm). Furthermore, the resulting yolk-shell material has a large surface area (325 m 2 g À1 ) and a high total pore volume (0.68 cm 3 g À1 ). The embedded materials (such as silica and mesoporous silica spheres) can be either sealed inside for protection or made accessible to the outside environment by engineering the shell to be porous, thus enabling applications in many biomedical fields. [3, 9] We demonstrate the unique drug delivery profile associated with the hierarchical porous yolk-shell structure using ibuprofen as a model drug molecule. There is an apparent three-stage release pattern of ibuprofen from the rattle structures of IBN1-YS (Supporting Information, Figure S10 ). The first stage involves the rapid elution of ibuprofen within the first 60 min, followed by a plateau (54 %) with only small changes during 1-5 h. We believe that the ibuprofen molecules delivered during this stage are mainly for those adsorbed on the external surface. In the second stage, the release amount of ibuprofen increases again from 5 to 8 h and reaches another plateau at 63 %. It is reasonable to attribute this release to those trapped in the porous silica shell and the inner hollow spaces. In the third stage, the ibuprofen concentration increases again from 24 to 72 h, and eventually reaches another plateau at 75 %. The release in the last stage is probably attributed to the adsorbed drug in the mesoporous silica IBN1 cores. The three-step release profile is associated with this particular mesoporous and yolk-shell structure. It is potentially possible to include two or more different drugs in the core and shell regions so that their delivery can be achieved in a programmed sequence through the structure design of yolk-shell materials.
The interior void can also be used as a reaction chamber or a nanoreactor in which chemical reaction processes may present vast differences because of the confining effect and change in microenvironments. To develop the nanoreactor, yolk-shell nanostructures containing AuNPs doped onto silica spheres as cores were designed using this method. First, AuNPs around 2 nm were coated onto the silica spheres (Supporting Information, Figure S11a-c) . Gold-functionalized silica particles (AuNPs@SiO 2 ) were then encapsulated into the vesicle to form the yolk-shell with size around 440 nm containing AuNPs doped onto silica spheres (Supporting Information, Figure S11d ). We expect that these types of yolk-shell materials may have great potential applications in nanoreactors.
In summary, we have developed a general and facile template strategy for the fabrication of a new class of nanostructured materials, so-called yolk-shell structured materials with movable cores and porous shells. Our approach is demonstrated by encapsulating silica spheres, mesoporous silica NPs, gold particles, magnetic particles, and Au@SiO 2 NPs in a porous silica shell. Noteworthy is that the hierarchical mesoporous yolk-shell structures were obtained for the first time by encapsulating mesoporous silica NPs into the mesoporous silica shell through this method. A three-step release profile of drugs was observed with these particular mesoporous rattle-type structures. AuNPs@silica was used as a multicore to produce the yolk-shell structured nanoreactor. This aspect of the work is expected to motivate further in situ studies of the formation mechanisms and the fabrication and applications of various nanoreactors. The yolk-shell materials, such as those developed in this work, could lead to new avenues for developing nanoreactors, drug/gene delivery vehicles, as well as photonic crystals.
Experimental Section
Details on the synthesis of the core materials are described in the Supporting Information. In a typical synthesis of yolk-shell structured materials with mesoporous silica shells, FC4 (0.16 g) and F127 (0-0.26 g) were dissolved in a mixture of water (18 mL) and ethanol (8 mL). Then aqueous ammonia (0.2 mL, 28 wt %) and an aqueous solution of core material (2 mL, 30 mg mL À1 ) were added and stirred at 30 8C for more than 3 h. TEOS (0.44 g) was then added to the mixture and stirred at 30 8C for 20 h, and subsequently heated at 100 8C for 24 h in a Teflon-lined autoclave. The solid product was recovered by filtration and air-dried at 50 8C overnight. The dry composite silica powder was further calcined at 550 8C for 6 h in air to remove the organic templates. The resulting yolk-shell materials were denoted as X-YS, where X is the core material (SS = 120 nm, 260 nm, and 700 nm silica spheres; IBN1, MCM41, IBN4, SBA15NR, Au, 
S2. Calculation Models and Discussions
13. Figure S10 . The cumulative release curves of ibuprofen from IBN1-YS. Red solid line represents the results from experimental measurements, and blue dashed line represents the results from modelling calculations.
14. Figure S11 . TEM images of a) SiO 2 -Au, in which 2-nm Au nano-particles are assembled on 260 nm silica spheres; b) SiO 2 -Au-YS yolk-shell structures, in which 2-nm Au nano-particles coated on 260 nm silica spheres are encapsulated into the hollow silica shells.
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S1. Experimental Section
S1.1 Chemicals and Reagents
All materials were analytical grade and used as received without any further purification. 
S1.2 Synthesis of Core Materials
Synthesis of Monodisperse Silica Spheres: Monodisperse silica spheres were synthesized by modifiing a procedure reported in literature [1] . Different amount of ammonia aqueous solutions was mixed with a solution containing 250 mL of absolute ethanol (EtOH) and 20 mL of deionized water (H 2 O) to obtain silica spheres with different particle sizes. After stirring for 1 h, 15 mL of TEOS was added to each of the solution and stirred for 6 h at room temperature. 5 mL,10 mL & 20 mL of 28 wt% NH 4 OH led to silica nanospheres with 120, 260 and 700 nm of particle size, respectively Synthesis of SiO 2 -Au: After 25 mg of thiol-terminated poly(methacrylic acid) (PMAA-DDT, M n =1800, polymer dispersity M w /M n = 1.21) was dissolved in 20 mL of Milli-Q water, 100 mg of as-synthesized SiO 2 nano-spheres (D = 260 nm) were added into polymer solution under a magnetic stirring. The resultant suspension solution was mixed with HAuCl 4 aqueous solution (0.5 mL, C = 20 mM) and stirred for 30 min. Then 0.5 mL of fresh NaBH 4 solution (2 mM) was quickly injected into the mixture and the mixture turned into brown within seconds. The solution was stirred for 30 min and then another 0.5 mL of NaBH 4 solution was added. After stirring overnight, the SiO 2 -Au nano-composites were separated by centrifugation and washed three times with Milli-Q water. The obtained SiO 2 -Au nano-particles were dispersed in water and then used in the preparation of yolk-shell nano-structures. [2] : In a typical synthesis, 0.2 g of cetyltrimethylammonium bromide (CTAB) was mixed with 96 mL of water and 0.7 mL of 2M sodium hydroxide. This mixture was then stirred and heated to 80 °C in a water bath. Once at 80°C, the solution was left for 20 minutes to ensure a uniform temperature, then 0.006 mol (1.25g) of tetraethylorthosilicate (TEOS) was added. The solution was kept stirring vigorously for 2 hours. The white precipitates were collected via centrifugation and washed twice in 100mL of ethanol and 2mL of 32% concentrated hydrochloric acid at 60°C for 8 hours. The washed silica was dried in an oven at 50°C. [3] : 0.65 g of Pluronic F127 and 0.8 g of FC4 were dissolved in 40 mL of 0.02 M HCl aqueous solution, then 2.2 g of TEOS was added. The solution was stirred at 30 °C for 20 h before it was transferred to an autoclave for further condensation at 100 °C for 1 day. The product was collected by centrifugation, dried in air, and calcined at 550 °C for 5 h to remove the surfactant.
Synthesis of MCM41 Mesoporous Silica Nano-spheres
Synthesis of IBN1 Mesoporous Silica Nano-spheres
Synthesis of IBN4 Mesoporous Silica Nano-particles [3] : 0.25 g of Pluronic P123 and 0.7 g of FC4 were dissolved in 40 mL of 0.02 M HCl solution, followed by the introduction of 1.0 g of TEOS. The solution was stirred at 30°C for 20 h, then transferred into an autoclave and kept at 100°C for 1 day. [4] : In a typical synthesis, 2 g of Pluronic P123 were dissolved in 360 mL of 2 M HCl at 38 °C. 4.2 g of TEOS was added into the above solution with vigorous stirring. The concentrations of P123 and TEOS in the solution were 0.53 wt% and 1.1 wt%, respectively. The mixture was stirred for 6 min and remained quiescent for 24 h at 38 °C. It was subsequently heated at 100 °C for another 24 h in an autoclave. The assynthesized SBA-15 was collected by centrifugation, dried and calcined at 550 °C in air.
Synthesis of SBA-15 nano-rods (SBA15-NR)
Synthesis of Magnetic Fe 3 O 4 /silica Composite Nanospheres:
The Fe 3 O 4 /silica composite nanospheres with size around 178 nm were prepared according to the previously reported method [5] . Briefly, (1) The sphere-like magnetite nanoparticle aggregates with a typical hydrodynamic size were prepared firstly and used as core of Fe 3 O 4 /silica composite nanospheres; (2) The core-shell Fe 3 O 4 /silica composite nanospheres were then synthesized via modified Stöber methods.
Synthesis of Au Nano-particles: Au nano-particles sol with a size of approximately 30 nm was synthesized according to the standard sodium citrate reduction method [6] . Briefly, 10 mL of 2 mM gold(III) chloride trihydrate solution was refluxed and vigorously stirred for 10 min. Once a rolling boil was achieved, 10 mL of 8 mM trisodium citrate solution was added, and the mixture solution were then refluxed for 30 min to cause a slow color change from gray to pale red. After further boiling for 30 min, the solution was allowed to cool to room temperature under stirring.
S1.3 Characterization
The shape, structure, and composition of the resulting samples were investigated using SEM, TEM and nitrogen sorption. SEM images of the samples coated with platinum were recorded on a JEOL 6300 microscope. TEM images were obtained by FEI Tecnai F20 and JEOL 2100 electron microscope. The powder samples for the TEM measurements were suspended in ethanol and then dropped onto the Cu grids with holey carbon films. Nitrogen sorption isotherms of samples were obtained by Quantachrome Autosorb-1 and Quadrasorb SI analyzer at 77 K. Prior to the measurement, the samples were degassed at 120 °C for at least 8 h. The BrunauerEmmett-Teller (BET) specific surface areas were calculated using adsorption data at a relative pressure range of P/P 0 = 0.05~0.25. Pore size distributions were derived from the adsorption branch using Barrett-Joyner-Halenda (BJH) method. The total pore volumes were estimated from the amounts adsorbed at a relative pressure (P/P 0 ) of 0.99. An UV-Vis absorbance spectrophotometer (Shimadzu 2450) was used to determine the concentration of ibuprofen in supernatant solution at 264 nm.
S1.4 Ibuprofen Adsorption and Release
Typically, a 10 mg/mL of ibuprofen-hexane solution was prepared at room temperature. Then, 100 mg of the yolk-shell materials which was previously degassed at 100ºC for overnight was added into 10 mL of the IBU-hexane solution. The mixture was sonicated for 30 minutes and then stirred for three days (72 hours). The solid materials were separated from the solution and dried at 50ºC. The amount of IBU adsorbed was determined from the difference in the solution concentrations (before and after adsorption). The solution concentration was determined using UV-VIS spectrophotometer (Shimadzu 2450) at a wavelength of 264 nm. For release study, typically, 100 mg of the sample that was saturated with ibuprofen was added into 40 mL PBS buffer solution (pH 7.4) and soaked in a water shaker. The release profile was obtained by collecting 1 mL of sample from the mixture at a certain time. The sample was analyzed for the IBU concentration by using UV-VIS spectrophotometer at a wavelength of 264 nm. Figure S1
Representative TEM images of the yolk-shell nano-spheres (SS260-YS, synthesized using silica spheres with 260 nm as core) with different shell thickness synthesized at different TEOS molar amount a) TEOS=5 mmol, b) TEOS=15 mmol, and c) TEOS=20 mmol. 
